The formation of α' martensite at the surface of an AISI 304 stainless steel subjected to cyclic heating in humidified air is reported. The α' martensite formed during the cooling part of the cyclic tests due to local depletion of Cr and Mn and transformed back to austenite when the temperature again rose to 650
Introduction
To meet the demands of tomorrow's energy production, power plants need to be more flexible in the consideration of fuels and operation conditions.
The materials used in the next generation of power plants will be exposed to higher temperatures and pressures, more corrosive environment and many start-and-stop cycles [1, 2] .
The widely used austenitic stainless steel AISI 304 exhibits good oxidation resistance at elevated temperatures in dry air due to the formation of a protective Cr-rich (Cr, Fe) 2 O 3 scale [3] . However, at temperatures above 600
• C the addition of water vapour has a detrimental effect on the protectiveness of the Cr-rich (Cr, Fe) 2 O 3 [4, 5, 6, 7, 8, 9, 10, 11, 12] . This because the water vapour reacts with the Cr-rich oxide which eventually causes Cr depletion due to vaporization and non-protective breakaway oxides [3, 4, 5, 6, 7, 8, 9, 10, 11, 12] according to the following reaction [9, 12] 
Thermal cycling with the addition of water vapour accelerates the onset of breakaway oxidation [13, 14] . The formation of non-protective breakaway oxides and the protectiveness of the Cr-rich oxide depend on the ratio between the Cr depletion and the supply of Cr by diffusion from the alloy [5, 15, 9, 11] . There are different approaches to improve the supply of Cr to the protective scale, where increased Cr content is a common solution [6, 16, 13] . Another possible solution is grain refinement at the surface, using, for instance, nanocrystalline coatings [11, 14] or plastic deformation techniques [17] to improve the supply of Cr to the protective oxide scale. The grain refinement produces a large number of grain boundaries that increase the diffusion of Cr to the surface [18, 19, 20] .
The surface properties clearly govern the corrosion process. The surface properties of AISI 304-type stainless steels are influenced by the formation of α' martensite (BCC) that forms from austenite (FCC) at the surface during cooling from elevated temperature [21, 22, 23, 24] . The α' martensite formation in AISI 304-type stainless steels has previously been attributed
to Cr depletion at grain boundaries through carbide formation [21] and the subsequent increase of the temperature of martensitic transformation (M s ) [21, 23, 24] . Mukhopadhyay et al. [22] have shown, using acoustic emission, that the formation is martensitic, as opposed to diffusion controlled transformation. The α' martensite formation also occur at other locations than grain boundaries; Susan et al. [23] have reported formation of α' martensite at the surface when cooling to room temperature after oxidation at 1000-
1100
• C in a low pO 2 environment. The α' martensite formation at the surface occurs due to depletion of Cr, Mn and Si which increases the M s temperature making the formation of α' martensite above room temperature possible [23] . La Fontaine et al. [24] showed that Cr depletion from oxidation during thermal cycling up to 970 • C in air was responsible for α' martensite formation which gave intergranular corrosion causing intergranular cracking as a consequence. However, the influence of thermal cycling in a water vapour environment on the formation of α' martensite is not yet fully understood. Consequently, more research needs to be conducted to investigate the influence of α' martensite at the surface on corrosion.
The purpose of the present study is to investigate the formation of α' martensite at the surface of an AISI 304 stainless steel during thermal cycling in a water vapour environment. The influence of cyclic oxidation on formation of α' martensite is discussed using thermodynamical simulations.
The effect of the α' martensite on corrosion is also discussed.
Experimental procedures

Oxidation
The samples were made of an AISI 304 stainless steel with the nominal composition (in wt.%): 0.015 C, 0. at 1060
• C for 15 minutes. The used sample geometry was 10 mm x 10 mm with a thickness of 5 mm. After cutting the samples, the solution annealing at 1060
• C for 15 minutes was again applied to the test specimens, followed by grinding on all sides, using a 500 SiC-paper, to remove oxides.
Testing in corrosive environment was performed at 650
• C in a thermal cyclic rig. The specimens rested on a stationary ceramic table and the thermal cycling was accomplished by lowering and rising a furnace over the specimens. Since the specimens rested on the ceramic table, five sides of the specimen were fully exposed to the corrosive medium. All analyses were made on the surface facing upwards. One thermal cycle consisted of a 96 h dwell time at 650
• C followed by natural cooling until the specimens reached 100
• C which took approximately 18 minutes; Fig. 1 shows the cooling curve as measured on one of the specimens. Specimens subjected to 2, 5, 10 and 20 thermal cycles were used in the investigation.
During the hot part of the cycle, water was introduced as an air-water mist which was sprayed into the furnace (not directly onto the specimens).
The water mist immediately evaporated as it was sprayed into the furnace and increased the water vapour content in the furnace chamber. The amount of water vapour was controlled by the water-to-air ratio in the water mist and was adjusted to ∼ 15 mol%. This was achieved by controlling the water inlet flow into the air stream, as outlined in Fig. 2 . Since the furnace was not airtight, a new burst of air-water mist was injected every 3rd minute which evaporated and flushed the furnace through with water vapour.
As a reference, an isothermal oxidation test in laboratory air was performed at 650
• C for 1000 hours. EBSD was measured at 15 kV acceleration voltage and a working distance of 20 mm using an OXFORD electron backscatter diffraction detector. The HKL software CHANNEL 5 was used for the microstructural evaluation and the EBSD-maps were produced using a step size of 0.1 µm.
X-ray diffraction
Grazing incidence (GI) X-ray diffraction (XRD) was used to analyse the crystalline corrosion products. A Philips X'Pert XRD-machine was employed, equipped with grazing incidence beam and a 2x2 mm 2 crossed slits attachment. CuK α radiation was used and the angles of incidence were 2 • ,
5
• and 10
• . The detector measured between 20
Results
Oxidation during thermal cycling in humidified air
Various kinds of oxides formed during the thermal cycling in the humid- consists of austenite, it shows that the grinding process did not form any strain-induced martensite.
After isothermal oxidation at 650
• C for 1000 hours in air, a α' martensite (BCC) layer with an approximate thickness of 1-2 µm was observed at the surface of the specimen, as shown in Fig. 9 where FCC corresponds to the 5 c) and e), the increase of the BCC thickness with the number of cycles can also be seen.
Discussion
Formed oxides
From Fig. 4 and Table 1 , mainly four different types of oxides were observed. Together with the GI-XRD results in Fig. 3 and EDS/WDS line scans in Fig. 5 Fig. 5 a) . The other two spinel oxides have not been observed but their XRD peaks are close to those of (Cr, Fe, Ni) 3 O 4 and are therefore hard to discern; their presence have been reported by others [14] .
In Fig. 3 , as the angle of incidence increases from 2 • to 10
oxides and phases appear in the spectrum. Since the oxides are thick after 20 thermal cycles in humidified air, only the strongest peaks from the bulk material (FCC) and the α' martensite (BCC) are observed at 10 • incidence angle.
Formation of α' martensite
As for previous studies, α' martensite was observed internally at grain boundaries, and presumably formed through previously described mechanisms of carbide formation at grain boundaries [21, 22, 24] . The more extensive α' martensite formation observed at the specimen surface is considered to be caused by Cr depletion through a combination of carbide formation and oxidation [21, 23, 24] . Fig. 13 and Fig. 5 c) and e) show a similar depletion of Cr and Mn where the α' martensite layer was found, as reported by others [23, 24] . The reason for the presence of the FCC area between the oxide and the BCC region in Fig.13 is believed to be the higher level of Ni that suppress α' martensite formation [27] . It should be noted that the relatively even Cr level in the Cr depleted area, where the α' martensite layer formed, suggests a high Cr diffusivity in this region; otherwise, a Cr gradient through the α' martensite layer would have been observed. Since the α' martensite layer consists of several grains and these grains are considerably smaller than the grains of the FCC matrix, the number of grain boundaries is much higher in the α' martensite layer compared to the FCC matrix. Since the diffusivity of Cr is much faster in grain boundaries compared to bulk diffusion [28, 20] this will cause a relatively even Cr level instead of a gradient in the Cr depleted area.
The α' martensite layer is growing thicker with increasing number of cycles, see Fig. 10 -11 . This is attributed to the Cr depletion at the interface between the bulk material and the α' martensite layer during the hot part of the cycle. This Cr depletion will generate a small area with a chemical composition that enables transformation to α' martensite during the cooling.
To serve as basis for the discussion, a number of Thermo-Calc [29] and Dictra [28] simulations were performed to find plausible mechanisms for α' martensite formation and growth at the specimens surface. The initial stages of the tests were modelled in a few different ways. A number of simplifications were necessary; the following points describes the model assumtions:
1. Prior to oxidation, the material was exposed to a heat treatment. During this heat treatment, Cr depletion was assumed to occur at the outermost part of the FCC grain due to carbide formation. The influence of oxidation was neglected during the first cycle.
2. Since C diffusivity, D 
3. During oxidation, carbide formation was neglected since: 1) the α' martensite layers observed at the specimen surface were larger than those observed internally at grain boundaries, indicating that oxidation dominated at the surface, and 2) oxidation in lab air gave considerable lower Cr depletion, again indicating that Cr removal due to oxidation dominated in moist air.
4. The Cr profile were used with Eq. 3, from reference [27] where w i % is the content of element i, to establish the size of the α' martensite layer that formed during cooling. The minimum temperature of the cycle, 100
• C, was used as a criterion for α' martensite transformation. The influence of Mn, Si and N was neglected.
An oxidation-diffusion simulation was performed using the commercial software Dictra coupled with an oxidation routine written in-house. The model has previously been described by Yuan et al. [30] . The simulation was first performed on a FCC grain with an outer BCC region. The result after the first oxidation cycle is presented in Fig. 16 a) . While the faster Cr diffusivity in BCC-Fe did give a Cr depleted area, just as observed experimentally, the BCC region also caused inwards diffusion of Ni giving rise to a Ni peak in the FCC region just beneath the BCC region. This Ni peak would prevent the BCC region to grow as Ni enrichment would lower the M s temperature. Furthermore, the Ni content in the BCC region dropped to levels significantly lower than those observed experimentally. It can hence be concluded that the BCC region transforms back to FCC at 650 • C; this is also supported by the phase diagram presented in Fig. 17 for Fe-12.5 wt.% Ni-xCr which shows that the material enters the γ-loop at reheating to 650
• C. As seen in Fig. 16 b) and c), letting the BCC transform back to FCC at high temperature removed the Ni peak observed in Fig. 16 a) and gave a better agreement with experimental observations. Adding grain boundaries to the outer layer increased the Cr diffusivity; as seen in Fig. 16 c) . The finer grain structure in the outer layer would thus aid chromia formation at the surface and with time become depleted in Cr. Based on the Thermo-Calc and Dictra simulations, it is considered likely that the formed α' martensite layer transforms back to FCC at 650
• C, and that the Cr depleted area observed in the α' martensite layer is formed at 650
• C due to increased Cr diffusivity in the α' martensite layer caused by grain boundary diffusion. Fig. 18 shows the C profile after 100 hours of oxidation-diffsuion; it can be seen that C diffuses from the BCC region inwards into the grain. It should therefore also be possible for further carbide precipitation to occur in the BCC/FCC interface as C is pushed towards that region from the BCC region. Due to the faster Cr diffusivity in the transformed region, the FCC region, even though far from the surface where oxidation occurs, will continue to be depleted of Cr.
The influence of α' martensite on corrosion
The formation of α' martensite at the surface influence the corrosion process, similarly to grain refinement approaches [11, 14, 17] . The α' martensite formation causes an increase in the number of grain boundaries at the surface (see Fig. 9 -11 ) and subsequently locally improves the supply of Cr to the protective oxide scale at the surface through grain boundary diffusion.
In the microstructure, this is supported by Fig. 19 a) where a Cr-rich protective scale is formed above the α' martensite layer (BCC). This should be compared to Fig. 19 b) where the bulk material is consumed by inwards growing oxides. For this reason, areas that lack the α' martensite are more consumed by inward corrosion than the areas with α' martensite; this can be seen in Fig. 7 . 
Conclusion
In the present study, an AISI 304-type stainless steel was exposed to thermal cycling in humidified air in the temperature interval 100-650
The following conclusions could be made: 2. α' martensite forms during cooling from 650
• C to 100
• C. This is due to Cr depletion caused by oxidation at the surface which locally rises the M s temperature.
3. The α' martensite grows thicker with increasing numbers of cycles during the thermal cycling.
The α' martensite transforms back to FCC at 650
• C during the thermal cycling.
5. The formation of α' martensite will give several smaller grains at the surface, compared to the grains in the FCC matrix. Even though the α' martensite transforms back to FCC at 650
• C, the increased number of grain boundaries will improve the Cr diffusion within this region.
6. A Cr-rich protective scale is formed above the α' martensite layer, due to the reason described in conclusion 5, compared to regions where no α' martensite layer has formed. For this reason, areas that lack the α' martensite are more consumed by inward corrosion and the outer oxide scale is thicker than at the areas with α' martensite. Thus, the formation of α' martensite is locally decreasing the in-and outward scale growth.
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